We investigate the impact of antagonistic pleiotropy on the most widely used methods of estimation of the average coefficient of dominance of deleterious mutations from segregating populations. A proportion of the deleterious mutations affecting a given studied fitness component are assumed to have an advantageous effect on another one, generating overdominance on global fitness. Using diffusion approximations and transition matrix methods, we obtain the distribution of gene frequencies for nonpleiotropic and pleiotropic mutations in populations at the mutation-selection-drift balance. From these distributions we build homozygous and heterozygous chromosomes and assess the behavior of the estimators of dominance. A very small number of deleterious mutations with antagonistic pleiotropy produces substantial increases on the estimate of the average degree of dominance of mutations affecting the fitness component under study. For example, estimates are increased three-to fivefold when 2% of segregating loci are overdominant for fitness. In contrast, strengthening pleiotropy, where pleiotropic effects are assumed to be also deleterious, has little effect on the estimates of the average degree of dominance, supporting previous results. The antagonistic pleiotropy model considered, applied under mutational parameters described in the literature, produces patterns for the distribution of chromosomal viabilities, levels of genetic variance, and homozygous mutation load generally consistent with those observed empirically for viability in Drosophila melanogaster.
T HE degree of dominance of genes controlling fitness components has a key role on many biological phenomena, such as the predictions on the evolution of selfing rates (e.g., Charlesworth 1998, 1999) , the evolution of sexual reproduction and genetic recombination (e.g., Chasnov 2000; Agrawal and Chasnov 2001; Otto 2003) , the dominance hypothesis for Haldane's rule (Turelli and Orr 1995) , and the maintenance of genetic variation and its changes under bottlenecks (e.g., Wang et al. 1998; Charlesworth and Hughes 1999; Rodríguez-Ramilo et al. 2004; Zhang et al. 2004) . Unfortunately, the average coefficient of dominance of mutations (h) is generally difficult to estimate in terms of both statistical analysis and effort required. Although direct estimates of the average h can be obtained from newly arisen mutations on the basis of mutationaccumulation experiments where natural selection is partially avoided (see García-Dorado et al. 2004 for a recent review), indirect estimates are less costly and are often obtained. These can be inferred from the genetic structure of segregating populations assumed to be at the balance between mutation and directional selection.
The most widely used approach to obtain indirect estimates is based on the analysis of chromosomes extracted from natural populations both in homozygosis and in panmictic crosses (Mukai et al. 1972; Mukai and Yamaguchi 1974) . Under the assumption of mutationselection balance for non-fully recessive deleterious mutations, the variances and covariances of the heterozygous genotypic values (y) for a fitness component (e.g., viability) and the sum of their corresponding homozygous genotypic values (x) are , where s i is the selection coefficient against mutation i in homozygosis, h i is the coefficient of dominance of the mutation, l is the chromosome deleterious mutation rate, p i is the pervasiveness of the mutation (number of copies the mutation is expected to contribute before being lost; see García-Dorado et al. 2003) , and the summation is over mutations.
(The 2l-factor was accidentally missed by Fernández et al. 2004 , but this had no further consequences as the factor dropped in the derived expressions.) The regression b y.x ¼ s x;y =s 2 x is the most extensively used method to estimate the average h from segregating populations (Mukai 1969; Mukai et al. 1972; Mukai and Yamaguchi 1974; Watanabe et al. 1976; Simmons and Crow 1977;  1 Eanes et al. 1985; Hughes 1995; Johnston and Schoen 1995; Caballero et al. 1997; García-Dorado and Caballero 2000; Chavarrías et al. 2001) . Thus, b y.x estimates the harmonic mean of the average h for newly arisen mutations weighted by their homozygous effects,
where the overbar indicates arithmetic mean. Simmons and Crow (1977) review estimates from this estimator, the most common values being 0.2, but with a large variation. Analogously, the inverse of the regression of x on y (1=b x:y ¼ s 2 y =s x;y ) is assumed to estimate, under mutation-selection balance, the arithmetic mean of h for newly arisen mutations again weighted by their homozygous effects,
The empirical estimates from this estimator are generally very large (of the order of one or more; see, e.g., Mukai and Yamaguchi 1974; Watanabe et al. 1976) .
Another simple indirect method of estimation of the average h involves estimates of the mean of a fitness component for outbred (W O ) and inbred (W I ) populations (Lynch and Walsh 1998, pp. 283-287) . Assuming mutation-selection balance, the ratio R ¼ (W max ÿ W O )/ 2(W max ÿ W I ), where W max is the fitness of a genotype free of mutations, estimates the unweighted harmonic mean of dominance for newly arisen mutations,
Empirical estimates for a range of vertebrates using data with different levels of inbreeding are 0.1 (Lynch and Walsh 1998) . Because this estimator provides unweighted estimates of the average h it is less affected by some biasing factors. However, its reliability depends on the assumed value for the hypothetical genotype free of deleterious mutations. For absolute viability it is assumed that W max ¼ 1. Since nongenetic sources of mortality imply W max , 1, the R estimate is usually expected to be biased upward (Lynch and Walsh 1998; García-Dorado et al. 1999; Fernández et al. 2004) . A more recently developed method (Deng and Lynch 1996) , extending previous approaches from Morton et al. (1956) and Charlesworth et al. (1990) , allows for the simultaneous estimation of mutation rates, average mutational effects, and average dominance coefficients, from experiments involving self-fertilization of naturally outbred populations or outcrossing in naturally selffertilizing populations (Deng 1998b also extended the method to other forms of inbreeding). This method makes use of the expected mean fitness and genetic variance of fitness of infinite populations at mutationselection balance. From Equations 3 and 4 in Deng and Lynch (1996) it can be shown that the mutationselection balance prediction of the dominance estimator in this method is and, interestingly, it has the same prediction as the estimator used by Hughes (1995) and Charlesworth and Hughes (1999) 
, where V A is the additive genetic variance and V H is the variance among homozygous genotypes.
The analysis carried out in this article refers to the above estimators. Other methods are not considered, as they are less appropriate for fitness traits (Comstock and Robinson 1952) , may involve the previous knowledge of other mutational parameters (Lynch et al. 1995; Deng et al. 2002; see also García-Dorado et al. 1999) , or can be applied successfully only under simplistic mutational models (Kelly 2003) .
Even if no substantial proportion of the standing genetic variability for the studied fitness component is maintained by mechanisms other than the balance between directional selection, mutation, and drift, indirect estimators of dominance generally produce biased estimates with respect to their mutation-selection balance expectations as a consequence of a number of factors . A particularly important one is the finite size of populations as, for mutations with small heterozygous deleterious effect, the mutationselection balance prediction for the pervasiveness is usually much larger than the actual one in finite populations. Other biasing factors are the correlation between s and h and the bottlenecking due to sampling. The counteracting sources of bias can be such that none of the estimators from segregating populations is very reliable.
Here we concentrate on the bias of indirect estimates caused by the existence of selectively maintained variability. In this respect, Mukai and Yamaguchi (1974) investigated the effect of overdominance for viability on the estimates of b y.x and 1/b x.y . They showed that, in this instance, b y.x becomes smaller, and 1/b x.y becomes larger than the corresponding values due only to partially recessive genes. The amount by which 1/b x.y is inflated is much larger than the amount by which b y.x is reduced. In fact, the large empirical estimates obtained from 1/b x.y were suggested as an indication that genetic variability could be maintained by balancing selection (Mukai and Yamaguchi 1974; Watanabe et al. 1976 ; but see Fernández et al. 2004 for other likely sources of bias). The reduction in b y.x by overdominance was also described by Deng (1998a) (see also Li et al. 1999) , who investigated the usefulness of this regression (and an alternative method to be used when homozygous lines cannot be constructed) for discriminating between dominance and overdominance for the fitness component. The conclusion was that, despite the reductions in the estimate caused by overdominance, overwhelming contributions from overdominant loci should be necessary for the estimates of the average h to become negative and, therefore, indicative of overdominance.
Overdominance for the loci controlling life-history traits is decisively rejected by the data as a general model of maintenance of variation (Charlesworth and Hughes 1999) . However, it is recognized that antagonistic pleiotropic effects on more than one fitness trait (Prout 1980; Rose 1982; Roff 1997) could give rise to overdominance for overall fitness, the so-called marginal overdominance (Falconer and Mackay 1996, p. 41) . Antagonistic pleiotropy is considered as a central part of some evolutionary theories, such as the evolution of senescence, and as a plausible cause of maintenance of genetic variation for fitness components (e.g., Rose 1991; Stearns 1992; Charlesworth 1994; Roff 1997; Charlesworth and Hughes 1999; Merilä and Sheldon 1999) , although some theoretical analyses suggest that the conditions under which antagonistic pleiotropy could work are very restrictive (Rose 1982; Curtsinger et al. 1994; Hedrick 1999) .
Studies on individual mutations affecting fitness components (Ló pez and Ló pez-Fanjul 1993; Fernández and Ló pez-Fanjul 1996; Lynch and Walsh 1998, p. 345; Martorell et al. 1998) seem to support the view that pleiotropic effects of deleterious mutations are mostly in the same direction; i.e., detrimental mutations tend to have deleterious effects on several traits. This is what we are referring to in this article as strengthening pleiotropy. Several indirect arguments suggest that the overall effect on fitness of mutations affecting egg-to-adult viability in Drosophila melanogaster is about two to three times larger than their effect on viability alone (Mukai and Yamaguchi 1974; Charlesworth and Hughes 1999) , although these inferences have to be treated with caution because of the uncertainties on the assumptions involved in their calculations (Rodríguez-Ramilo et al. 2004) . The effect of strengthening pleiotropy on the estimation of the average h from segregating populations has been shown to be weak . However, a general scenario of strengthening pleiotropy is not incompatible with the possibility that a few particular deleterious mutations show antagonistic pleiotropic effects, generating some degree of overdominance for global fitness.
The main purpose of this article is to investigate the effect of a small proportion of mutations under balancing selection on the estimation of the average degree of dominance of deleterious mutations affecting a given fitness component in segregating populations at the mutation-selection-drift balance. To achieve this, we assume that all mutations are deleterious in their effect on the fitness component under study, but a small fraction of these mutations are under antagonistic pleiotropy (i.e., they have an advantageous effect on another fitness component), generating overdominance for their overall effects on fitness. A secondary objective is to investigate the impact of this model on the distribution of chromosomal mean viabilities and on the amount of genetic variance and homozygous mutation load, as well as to compare the patterns observed with empirical results obtained in D. melanogaster.
MUTATIONAL MODELS AND ESTIMATION PROCEDURE
Mutational models and parameters: A mutational model was assumed in which the values for a fitness component of the wild homozygous, the heterozygous, and the mutant homozygous genotypes are 1, 1 ÿ sh, and 1 ÿ s, respectively. Because comparisons are made later with chromosome viabilities in D. melanogaster, we assume that the fitness trait under investigation is chromosome II viability, and mutational parameters refer to this widely studied trait. Selection coefficients (s) for new mutations were sampled from a gamma distribution. Only positive values of s were assumed for the effects on viability; i.e., all mutations were assumed to be deleterious for this fitness component. However, some proportion of these mutations could also have a pleiotropic effect on other fitness components, and this effect could be also deleterious (strengthening pleiotropy) or advantageous (antagonistic pleiotropy). Because the effect on viability is always deleterious we maintain the term deleterious mutation even if it is not so on global fitness. Regarding viability deleterious mutations showing no antagonistic pleiotropy, we considered two mutation rates per chromosome and generation, l ¼ 0.006 and 0.04 (equivalent to 0.015 and 0.1 per haploid genome for D. melanogaster), with corresponding mean deleterious effects s ¼ 0.2 and 0.05, respectively. The shape parameters of the gamma distribution (b ¼ 1 and 0.263, respectively) were chosen so that the whole-genome mutational variances explained by both models (0.0006) were the same and on the order of empirical estimates for nonlethal chromosomes (García-Dorado et al. 1999) . These sets of mutational parameters are representative of most estimates reviewed by García-Dorado et al. (2004) and agree also with more recent estimates for viability in D. melanogaster by Charlesworth et al. (2004) . Lethal mutations (s L ¼ 1) were also included and assumed to occur at a rate l L ¼ 0.006 per chromosome per generation with dominance coefficient h L ¼ 0.02 (Simmons and Crow 1977) . These parameters have been widely accepted, although higher values of l L from 0.010 to 0.015 have been recently reported (Fry et al. 1999; Charlesworth et al. 2004) .
The dominance coefficient of mutations ranged between 0 and 1 (i.e., mutations over-and underdominant for viability itself were not considered). Dominance coefficients were assigned following the model proposed by Caballero and Keightley (1994) . For this model, h-values are taken from a uniform distribution giving 0 , h , exp(ÿks), where k is a constant allowing the mean dominance coefficient of newly arisen mutations, h, to be the desired value. The average coefficients of dominance used were 0.2 and 0.4 for the two mutational rates, respectively. They were chosen because they explain, in combination with their respective mutation rates and average effects, the additive variance and inbreeding depression observed in a natural population of D. melanogaster (Rodríguez-Ramilo et al. 2004) . The joint distribution obtained in this way for s and h implies a negative correlation between both variables, as suggested by empirical data (Greenberg and Crow 1960; Simmons and Crow 1977; Caballero and Keightley 1994) and biochemical arguments (Kacser and Burns 1981; Keightley 1996) , and produces a variance of h-values of the order of that empirically observed by Mukai (1969) (see Fernández et al. 2004) .
To investigate the effect of antagonistic pleiotropy we assumed a model where a given mutation has a deleterious effect on the fitness component under study (viability) and an advantageous one on another component. We usually considered a simple symmetrical model with equal effects for both traits, where global fitness is obtained as the product of the individual components and is expressed, as usual, relative to the genotype with optimal value. Hence, the selective coefficient for fitness for each of the homozygotes is s9
]. For h(1 ÿ sh/2) # 0.5 we get s9 . 0, so that overdominance for global fitness occurs at least when h , 0.5. In contrast, for h(1 ÿ sh/2) . 0.5 there is underdominance for fitness. For the dominance model used, most mutations are recessive (h , 0.5) for the individual components, and pleiotropic mutations tend to be overdominant. The above model of dominance and equality of selection coefficients for pleiotropic effects is very favorable for the maintenance of polymorphisms (Hoekstra et al. 1985; Curtsinger et al. 1994; Hedrick 1999 ) and, therefore, will serve for illustration purposes. However, to evaluate the effect of relaxing the symmetry assumption we carried some runs where mutational effects and dominance values for viability and the other fitness component were drawn independently.
As it might be expected that antagonistic pleiotropic mutations are those with the smallest homozygous effects, mutations were sampled from the gamma distribution and antagonistic pleiotropic effects were assigned with a probability exp(ÿsa(1ÿa)/a) and discarded otherwise. Here, a is the scale parameter of the gamma distribution of selection coefficients and a is a constant that takes values between 0 and 1 and gives the ratio of the average s-value for antagonistic pleiotropic mutations to that for nonpleiotropic ones.
The number (n) of antagonistic pleiotropic mutations assumed to be segregating in a chromosome ranged between 3 and 50 for the model of low mutation rate and between 10 and 300 for the model of larger mutation rate. The remaining mutations were assumed either to be nonpleiotropic (they affect fitness just through viability) or to show strengthening pleiotropy (the pleiotropic effect is also deleterious). In this case, the genotypic values for viability, other fitness components, and global fitness are where s9 ¼ 2s ÿ s 2 and h9
For small values of s, this model implies that the effect on fitness of a mutation affecting viability is about twice the viability effect (s9 ffi 2s), in agreement with indirect calculations (e.g., Mukai and Yamaguchi 1974) , and h9 ffi h.
Distribution of mutant frequencies: The expected distribution of mutant frequencies in a finite population at mutation-selection-drift balance was obtained by means of diffusion approximations in the case of nonpleiotropic or strengthening pleiotropic mutations and by means of transition matrices in the case of antagonistic pleiotropic mutations.
Diffusion approximations: The procedure is described by Fernández et al. (2004) . Briefly, we used Kimura's (1969) diffusion approximations under the infinitesites model to obtain the stationary distribution of mutant frequencies. Thus, in a nonrecurrent mutation model for a randomly mating diploid population of N individuals and effective size N e , the expected number of loci with i segregating mutant copies (1 # i # 2N ÿ 1) and frequency q ¼ i/2N is f N ðqÞ ¼ 2l½1 ÿ uðqÞ qð1 ÿ qÞGðqÞ ;
GðxÞdxÞ is the fixation probability of a mutant with initial frequency q. For strengthening
AA
Aa aa
pleiotropic mutations, the viability values of s and h in the expressions above were replaced by the corresponding fitness coefficients s9 and h9. The expected number of loci with j copies in a random sample of M chromosomes taken from the population (f M (j)) was calculated using binomial sampling,
jÞ is the expected total number of segregating loci in the chromosome sample.
For each particular case and mutational model, a sufficiently large number (1000) of mutational s-and h-values were sampled to represent the whole distribution of effects, and their diffusion stationary frequencies were obtained. For each pair of mutational parameters (s, h), the expected distribution of gene copy numbers in a sample of M chromosomes, f M (j), and the expected total number of segregating loci in the sample, S M , were stored. Chromosomes in which a number of independent loci were segregating were then simulated. This number of loci was equal to the S M -value averaged over the 1000 sampled (s, h) pairs. The assignment of particular mutational values to each segregating locus was done by sampling with replacement from the available 1000 sampled (s, h) pairs with a probability proportional to their S M -value. The number j of copies of the mutant allele at each locus was sampled from a distribution proportional to the corresponding f M (j), and these j copies were randomly assigned to the simulated chromosomes.
Transition matrices: To generate the distribution of frequencies for antagonistic pleiotropic mutations, a transition matrix A, of size (2N 1 1) 3 (2N 1 1), was constructed with terms
giving the probability that the number of copies of the mutant is j at a generation, given that it was i in the previous one, where
] is the expected frequency after selection for overdominant or underdominant genes. The state of the vector of frequencies at generation t is obtained from that at generation t ÿ 1 as
To save computer time, the matrix and vectors considered a population of size 500, and selection coefficients of mutations were multiplied by a constant (N/500). Because the distribution of gene frequencies depends mainly on Ns, this procedure gives very accurate results (not shown).
For each (s, h) pair sampled for pleiotropic mutations, the number of copies was assumed to be zero at the initial generation, and 2Nl mutations appeared each generation at frequency 1/2N with parameters s and h taken from the corresponding distribution. With overdominance for fitness, mutations tend to keep segregating in the population, so that the number of segregating loci can increase indefinitely. To solve this problem a maximum number of segregating overdominant loci was assumed. After this number was reached new mutations appeared only to restore those lost by drift. Note that this maximum number of segregating loci is arbitrary and irrelevant at this stage (100 loci were used), as the objective of the matrix approach is to provide the expected distribution of gene frequencies, from which the actual frequencies of pleiotropic segregating loci will be sampled. This distribution is independent of the number of loci used to compute it, provided this is large enough. The expected number of loci with j copies in a sample of M chromosomes (f M (j)) was calculated using binomial sampling, as explained above for the distributions obtained by diffusion approximations. For each sampled mutation the matrix iteration was continued until an equilibrium frequency distribution was reached. The criterion used to assure this was the following. Every 100 generations, the P M ÿ1 j¼1 f M ð jÞ was calculated, and an equilibrium was assumed to occur when the absolute difference between two consecutive values of this parameter was ,0.001. If this criterion was not achieved before 10,000 generations (in rare cases), the process was stopped at generation 10,000. Previous runs confirmed that this procedure is very reliable (not shown). Figure 1 shows the stationary distribution of frequencies in the sample of chromosomes for some examples of mutations with different values of s9, one of them being underdominant (s9 is negative) and the rest overdominant. The stationary distribution of frequencies depends on the equilibrium between drift and selection. For symmetric overdominant mutations the distribution is centered around a frequency of 0.5, and the larger the values of s, the smaller the dispersion. A number of mutational (s, h) values (1000) large enough to cover the distribution of effects were sampled, and their equilibrium distributions in the sample of chromosomes were obtained. A number (n, between 3 and 300) of these antagonistic pleiotropic mutations were randomly taken with replacement from the set of 1000 (s, h) pairs, with probability proportional to their S M -values. Frequencies for each of these n antagonistic mutations were sampled from the corresponding distribution, f M (j ), and the j mutant copies were randomly assigned to the M chromosomes previously constructed with nonpleiotropic or strengthening pleiotropic mutations (obtained by diffusion approximations). All mutations, pleiotropic or not, were assumed to be unlinked.
For each case and mutational model, the sampling of M chromosomes was repeated 100 times and the estimates were averaged. The results given below refer to samples of M ¼ 100 chromosomes taken, generally, from a population of size N ¼ N e ¼ 10 4 , but other population sizes N ¼ 10 2 -10 5 were also investigated. The whole procedure was then repeated 10 times [using 10 different samples of 1000 (s, h) values each] to obtain mean estimates and standard errors. Homozygous and heterozygous viabilities were calculated for all combinations of chromosomes [M homozygotes and M(M ÿ 1)/2 heterozygotes], assuming a between-locus multiplicative fitness model.
Viability distribution for chromosomes and homozygous mutation loads: Constructed chromosomes were classified in different categories, as a function of their mean viability in homozygosis. Thus, lethal chromosomes were those with homozygous viability ,10% of the mean of the heterozygous viability, semilethal chromosomes were those with viability between 10 and 60%, and quasinormal chromosomes were those with viability .60%. The homozygous mutation load for quasinormal chromosomes was obtained as ln(W O / W I(QN) ) (Greenberg and Crow 1960) , where W O and W I are the heterozygous (outbred, O) and homozygous (inbred, I) mean viabilities, respectively, and the parentheses in the subscript indicate the fraction of homozygotes considered (quasinormals, QN, in this case). Analogously, for semilethal chromosomes the load was obtained as ln(W I(QN) /W I(NL) ), where NL indicates all nonlethal chromosomes. The sum of the two loads above is the homozygous detrimental load (D) and, finally, the lethal load is obtained by subtracting this latter load from the total load, ln(W O /W I(T) ), where T accounts for all chromosomes.
The additive and dominance genetic variances contributed to the original population by mutation i at frequency q i were calculated as . For nonpleiotropic and strengthening pleiotropic mutations, the total contributed additive (V A ) and dominance (V D ) variances were calculated as
f N ðq i Þ 3 V a;i and
f N ðq i Þ 3 V d;i and averaged over mutations. The contribution of each antagonistic pleiotropic mutation was calculated in a similar way, using its equilibrium distribution frequency and summing up over all segregating mutations.
Estimation of the average dominance: Estimates of the average coefficient of dominance from regressions involving heterozygous (y) and the sum of the corresponding homozygous (x) genotypic viabilities (b y.x and 1/b x.y ) used log-scaled viabilities to linearize multiplicative effects. Estimates were obtained for quasinormal chromosomes, as the main interest is usually on the average dominance coefficient of mildly deleterious mutations (Simmons and Crow 1977) . Calculations for the R estimate, R ¼ (1 ÿ W O )/2(1 ÿ W I ), used the homozygous (W O ) and heterozygous (W I ) mean viabilities of nonlethal chromosomes. Deng and Lynch (1996) estimates of dominance were obtained for untransformed viability, assuming that the outcrossing base population can be subject to self-fertilization. From each of the heterozygotes for nonlethal chromosomes, 40 selfed (S) progeny were obtained. The mean, W S , and variance, s 2 WS , of selfed offspring were computed. Using these estimates as well as the mean, W O , and variance, s 2 WO , of outcrossed parents, the following functions could be computed (Deng and Lynch 1996 , Equations 2),
and the estimator of the average coefficient of dominance is
Accordingly, estimates of the mutation rate and mean selection coefficients were obtained as l DL ¼ 2h DL y= ð2h DL ÿ 1Þ and s DL ¼ x=ð2lh DL Þ. The above estimators were derived assuming constant selective and dominance effects and, therefore, are biased when mutational effects are variable. To correct for this, Deng and Lynch (1996) suggested that, if the coefficient of variation of dominance coefficients,
, and the coefficient of covariation between s and h, C s;h ¼ s s;h = s h, were known, the estimators should be corrected as
and
The possibility of knowing C 2 h and C s;h is, however, very unlikely.
To check the procedure we made runs with some of the parameters used by Deng and Lynch (1996) . For their case for outcrossing populations in their Finally, to compare the sampling variance for the different estimators of dominance, some runs were done assuming the same total number of evaluated individuals in each case. Thus, estimates of b y.x , R, and 1/b x.y were obtained as usual from 100 homozygotes (using 100 sampled chromosomes) and all combinations of heterozygotes (4950), whereas those for h DL were obtained from 50 heterozygous parents (again 100 sampled chromosomes) and 100 selfed progeny per parent. Tables 1 and 2 show the average estimates of the coefficient of dominance obtained with four estimators (b y.x , R, 1/b x.y , and h DL ), for two mutational models, respectively. The first row in both tables refers to the case without pleiotropic mutations. Let us first consider the estimates under this situation. Note that most estimates are far from the arithmetic mean of h-values (i.e., 0.2 and 0.4 for Tables 1 and 2, respectively). This was already observed by Fernández et al. (2004) , who also checked the diffusion results by simulations. The reason is that estimates provided by the different estimators do not give, in general, the arithmetic mean of dominance coefficients, but harmonic or arithmetic means weighted in different ways by the selection coefficients (see Introduction). In addition, the mutation-selection balance estimates are usually biased because of the finite size of the population, the correlation between selective and dominance coefficients, and other issues . In the unlikely case that the coefficient of variation of dominance coefficients, C 2 h ¼ s 2 h = h 2 , and the coefficient of covariation between s and h, C s;h ¼ s s;h = s h, were known (see above), Deng and Lynch (1996) estimates (h DL ) can be roughly corrected to give the unweighted arithmetic average for the dominance coefficient of new mutations, h. The above necessary 
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n, number of antagonistic pleiotropic mutations segregating per chromosome (the number of segregating nonpleiotropic mutations in the chromosome sample was 93 6 1). In parentheses, number of underdominant and overdominant mutations, respectively. Mean effect, mean viability effect of antagonistic pleiotropic segregating mutations. b y.x , 1/b x.y , regression estimates using the heterozygous (y) viabilities and the sum of the homozygous viabilities (x) of quasinormal chromosomes.
R, estimate of the ratio of genetic loads between outbred and inbred populations. h DL , estimate of h from Deng and Lynch (1996) . QN, SL, proportion of quasinormal and semilethal chromosomes, respectively. Tables 1 and 2 , respectively, in good agreement with the true arithmetic mean values.
The effect of antagonistic pleiotropic mutations overdominant for fitness (n . 0) is to inflate the estimates of the average h. Note that, because of this inflation, estimates can sometimes be closer to h than estimates without antagonistic pleiotropic mutations. However, this is simply an artifact. The magnitude of the increase in the estimates of the average h increases with the number of antagonistic pleiotropic mutations and their average effect, but even a very small number of these loci are able to produce substantial biases. For example, three antagonistic pleiotropic mutations (n ¼ 3; two of them overdominant) with an average effect half that for nonpleiotropic mutations increase the estimates threeto fivefold (Table 1 ). The average number of nonpleiotropic (partially recessive) mutations segregating in the chromosome sample is 93 in this case, so the proportion of antagonistic pleiotropic genes segregating in the chromosome is 3%. For a model with larger mutation rates ( Table 2 ) the results are similar, but the number of antagonistic pleiotropic mutations has to be larger in absolute value to show an appreciable effect as, in this case, the number of segregating nonpleiotropic genes in the chromosome sample is 2400. In relative terms, however, the increase is similar to that produced with the previous mutational model. For example, 100 (4%) antagonistic pleiotropic mutations (2% overdominant), with an average effect half that for nonpleiotropic mutations, produce again a three-to fivefold increase of the estimates ( Table 2 ). The cause for this increase is the large number of segregating copies of each allele overdominant for fitness, as inferences about the average h obtained from all estimators assume low frequencies for viability deleterious mutations (see discussion). Similar increases occur when all genes, except those showing antagonistic pleiotropy, show strengthening pleiotropy instead of being nonpleiotropic (Table 3) . The large increases of b y.x and h DL arising from overdominance for global fitness contrast with the decreases or small increases observed when overdominance occurs for viability itself (Mukai and Yamaguchi 1974; Deng 1998a; Li et al. 1999) .
A compound estimate of the average h can also be obtained from s y =s x ffi ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi V A =2V H r (Hughes 1995; Charlesworth and Hughes 1999) , with a mutationselection balance prediction identical to that from Table 1 Table 1 are extended to different population sizes (Table  4A) and to an asymmetric model of pleiotropy (Table 4B) . Results from both a range of population sizes and an asymmetric pleiotropic model are qualitatively similar to those shown previously, leading to identical conclusions. 
TABLE 4
Estimates of the average coefficient of dominance for segregating mutations and other parameters for a model of few mutations of large average effect, under different population sizes (A) and an asymmetric model of pleiotropy (B)
Estimates of average h % chromosomes The sampling variance for the different estimators of dominance is shown in Table 5 for some of the cases in Table 1 . The R-estimator shows the lowest sampling variance and 1/b x.y the highest one. Intermediate and similar sampling variances are shown by b y.x and h DL .
The method of Deng and Lynch (1996) allows us to estimate the average selection coefficient and the mutational rate of deleterious mutations using the previously estimated average coefficient of dominance. These estimates are presented in Table 6 for some cases corresponding to Tables 1 and 2 . Uncorrected estimates (l DL ; s DL ) have some bias even in the case with no pleiotropic genes (see also Li et al. 1999 and Deng 2000) . This bias may become huge with the presence of pleiotropic mutations, although counteracting biases can make the estimates closer to the true values. Correction through mutational information leads estimates (l DL * ; s DL * ) toward the true values on some occasions but not on others.
To assess the implications of segregating loci overdominant for fitness we analyzed the distribution of homozygous and heterozygous viabilities as well as the expressed homozygous mutation load. The proportion of lethal chromosomes was in the range 24-29% for all cases in Tables 1-4 (for N ¼ 10   4   -10 5 ), with a lethal mutation load in the range 0.27-0.34. These proportions are not affected by the models considered, as the assumed rate of lethal mutations was the same in all cases. They are of the same order as empirical estimates. Thus, the average proportion of lethal chromosomes II for Drosophila is between 20 and 40% (e.g., Mukai and Yamaguchi 1974; Mukai and Nagano 1983; Kusakabe and Mukai 1984) , and the corresponding average lethal mutation load is 0.247 (with a range 0.13-0.50 from 17 studies) (Simmons and Crow 1977) . Among the nonlethal chromosomes, the proportion of quasinormal and semilethal chromosomes is given in Tables 1-4. Tables 1-4 also show the homozygous mutation load due to nonlethal chromosomes (detrimental load) and the additive and dominance genetic variances contributed by nonlethal chromosomes. The presence of antagonistic pleiotropic (overdominant) mutations increases the fraction of semilethal chromosomes at the expense of quasinormal ones. For a sufficiently large number of overdominant mutations the proportion of semilethal chromosomes may exceed that of quasinormal ones (see the case with n ¼ 150 segregating antagonistic pleiotropic mutations with average effect s=2 in Table 2 ). Segregating overdominant mutations increase therefore the detrimental load and the amount of additive and dominance genetic variance. However, the proportional increase in additive variance is much larger than that in the detrimental load, as indicated by their ratio. When pleiotropic genes show strengthening pleiotropy (Table 3) , there is a slightly larger proportion of quasinormal chromosomes at the expense of semilethal ones, and the homozygous detrimental load is slightly smaller than in the case with nonpleiotropic genes (cf . Tables 1-3 ). Smaller population sizes also imply a larger proportion of quasinormal chromosomes and detrimental load (Table 4A) . Asymmetrical models of pleiotropy produce slightly smaller detrimental loads and genetic variances than do symmetrical models (cf . Tables 1 and 4B ). Figure 2 shows the distribution of chromosomal viabilities for some models in Tables 1 and 2 . The top of each column shows the case with nonpleiotropic mutations (n ¼ 0). In this case, the distribution of heterozygous chromosomes is closely centered around the mean, and the distribution of homozygotes has also a peak close to one. The inclusion of antagonistic pleiotropic mutations increases the variation of heterozygous and homozygous chromosome viabilities and moves the homozygous mean far away from the heterozygous Table 1 . 
h ¼ 0:4. n, number of antagonistic pleiotropic mutations segregating per chromosome. The mean selection coefficient of antagonistic pleiotropic mutations is s=4.
one. The replacement of nonpleiotropic mutations by strengthening pleiotropic ones does not affect substantially the distribution of chromosomes (results not shown).
DISCUSSION
We have investigated the effect of antagonistic pleiotropy on indirect estimates of the average degree of dominance for a fitness component (say, viability). To achieve this, we have explored models with plausible mutational rates and effects, and we have included different proportions of antagonistic pleiotropic mutations that reduce viability but tend to be overdominant for fitness. We showed that even a very small proportion of such fitness-overdominant segregating mutations (down to 2%) can produce estimates of the average h inflated by up to fivefold. The reason is that the statistics studied (b y.x , 1/b x.y , R, and h DL ) can be interpreted only in terms of the corresponding average h-estimates (see the Introduction) on the assumption that segregating alleles reducing viability are always at low frequency, so that homozygotes for deleterious mutations can be neglected in a panmictic population. When this assumption does not hold, the above statistics give biased estimates. For example, from Equations 1-3 of Mukai and Yamaguchi (1974) , which give variances of homozygous and heterozygous viabilities and their corresponding covariances, it can be shown that, if deleterious mutations are at frequency 0.5, we expect b y.x ¼ 0.5 irrespective of the value of h (see also Charlesworth and Hughes 1999) , and the expected value for 1/b x.y ranges between 0.5 and 0.75 for different values of h. The high sensitivity of the estimators to a small fraction of pleiotropic mutations is due to the large proportion of genetic variance accounted for. Our results support the view that estimates of the average coefficient of dominance from segregating populations assuming a balance between directional selection and deleterious mutation are not very reliable and that direct estimates from mutation-accumulation experiments may be more appropriate .
The approach followed in this work is similar to that from Mukai and Yamaguchi (1974) , Deng (1998a) , and Li et al. (1999) , in that these authors also studied the effect, on the estimation of mutational parameters, of an increasing number of mutations under balancing selection in addition to deleterious mutations. The difference is that they assumed a model of pure overdominant mutations; i.e., mutations are overdominant for their effects on the trait itself under study. The result is a decrease or small increase of the estimates provided by b y.x and h DL relative to the case where no overdominant mutations are included. In our model all mutations are deleterious for the trait under study, but a small proportion can be overdominant for overall fitness through an advantageous pleiotropic effect on another trait. The observed result is, in contrast, a huge increase of the estimates provided by b y.x and h DL . Whereas the model of pure overdominance is, according to Charlesworth and Hughes (1999) , decisively rejected by the data, marginal overdominance through antagonistic pleiotropy is a rather likely scenario (Charlesworth and Hughes 1999) . Mukai and Yamaguchi (1974) also considered the possibility that mutations affecting viability have a different effect on global fitness. They defined the ratio c from the degree of dominance for total fitness to that for viability, so that c . 1 would indicate that the overall heterozygous effect on fitness of a viability mutation is larger than the effect on viability itself. Indirect estimates of c suggesting values 2-3 have been obtained by Mukai and Yamaguchi (1974) , , and Charlesworth and Hughes (1999) . We have also considered a model of mutations with strengthening pleiotropy, roughly equivalent to a model where c ¼ 2 for all segregating mutations affecting viability. As shown in Table 3 , this model does not strongly affect the estimates of the average coefficient of dominance. Similar conclusions were reached by Fernández et al. (2004) , who investigated the effect of strengthening pleiotropy on the estimation of the average h from segregating populations, assuming a model where the selection coefficients of mutations are increased by a factor between 1 and 3 in their global effects on fitness.
Our model of antagonistic pleiotropy usually assumes segregating loci that have symmetric effects on both fitness components, a given allele having opposite dominance relationships for each trait (termed reversal of dominance by Curtsinger et al. 1994) . In other words, a given allele that is deleterious recessive for a fitness component will be advantageous dominant for the other. This model was chosen as it gives the most favorable conditions to maintain a polymorphism. Equal dominance relationships (i.e., a given allele is either recessive or dominant for both fitness components, termed parallel dominance by Curtsinger et al. 1994) substantially restrict the possibility of a stable polymorphism (Hoekstra et al. 1985; Curtsinger et al. 1994; Hedrick 1999) . Branched multienzyme pathway analyses suggest that parallel dominance is the most general situation, as mutations affecting enzyme activity are likely to be recessive for all pleiotropic branches (Keightley and Kacser 1987) . However, reversal of dominance may also occur under some particular situations (Keightley and Kacser 1987) , and the phenomena illustrated in this article require only a very small fraction of mutations giving rise to balancing selection. In addition, we have also considered a more flexible and general model where mutational effects and their corresponding dominance coefficients are independently assigned to both fitness components. Thus, this model would include a range of dominance relationships. The results (Table 4B) are very similar to those obtained with the symmetrical reversal of dominance model (Table 1 ), suggesting that a variable relationship between the degrees of dominance of mutations for the pleiotropic traits can also maintain substantial polymorphism.
Conditions for the selective maintenance of stable polymorphisms by antagonistic pleiotropy are quite restrictive (Curtsinger et al. 1994; Hedrick 1999) . However, the analyses leading to this conclusion consider only the maintenance of variation by balancing selection, ignoring the recurrent introduction of new alleles by mutation. A continual input of variation via mutation at loci subject to antagonistic pleiotropy, as assumed in our model, may additionally contribute to the maintenance of the polymorphism (Lynch and Walsh 1998, p. 656) , but this is an issue out of the scope of this article.
The estimation method of Deng and Lynch (1996) allows for the estimation not only of the average dominance, but also of the average selection coefficient and the deleterious mutation rate. The biases incurred by the estimates of dominance with this method, h DL , are of the same order as those obtained by the other estimators (see Tables 1-5 ) and can be substantially lower than the arithmetic mean of h-values in the absence of pleiotropic effects. This may seem surprising as, apparently, h DL uses information from both the variance and the average viability in O and S populations. However, the averages are used to remove just the mean-variance dependence that arises because of the between-locus multiplicative nature assumed for fitness. This could be attained in a more simple way by assuming an additive model for multilocus effects or, alternatively, by using log-transformed data (M ¼ ln(W )), for which the mutation-selection balance expectations for the basic parameters in Deng and Lynch (1996, Equations 1a-1d) become
where U ¼ 2l. Therefore, parameters with the same expectation as the x, y, z used by Deng and Lynch (1996) reduce to
which can be used instead of x, y, z, in Deng and Lynch's (1996) estimation Equations 4a-4c, providing estimates for h, U, and s very close to those obtained for untransformed fitness (data not shown). This log-fitness version of the Deng and Lynch (1996) method reveals that h DL uses basically the ratio from the genetic variance between panmictic (outbred) individuals to that between individuals with some degree of inbreeding (selfed):
Because of this, its mutation-selection balance expectation approximates that for the estimator proposed by Charlesworth and Hughes (1999) , which estimates h from the ratio from the genetic variance between panmictic individuals to that between homozygous ones, ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffi b y:x 3 ð1=b x:y Þ r ¼ s y =s x . In addition to the bias incurred by h DL , substantial biases are also observed for the corresponding estimates of mutation rates and mean selective coefficients depending on the mutational model (Table 6 ). The presence of overdominant loci implies an increase in the estimates of h DL and l DL and a decrease in those of s DL (Table 1-6). A similar increase in the estimates of l DL and a decrease in those of s DL are observed under pure overdominance for the trait under study (Li et al. 1999) .
T. Mukai and co-workers carried out analyses of viability in a number of natural populations of D. melanogaster. A summary and discussion of the results regarding the maintenance of variation has been provided by Mukai (1985 Mukai ( , 1988 . The analysis of variation suggested that there is a cline in the amount of additive variance from northern to southern populations, so that southern ones usually show higher additive variances than northern ones. Table 7 and Figure 3 show empirical estimates of the average coefficient of dominance and other parameters for chromosome II of D. melanogaster from the Aomori (Kusakabe and Mukai 1984) , Raleigh (Mukai and Yamaguchi 1974) , and Orlando (Mukai and Nagano 1983) populations, which are representatives of populations in the northto-south cline. The northernmost population (Aomori) showed the lowest additive variance among all populations analyzed by Mukai (1985 Mukai ( , 1988 . The southernmost Orlando population was that with the highest additive variance. The Raleigh population had both intermediate latitude and variance. As shown in Table 7 and Figure 3 , the proportion of detrimental chromosomes increased at the expense of the quasinormal ones toward the southern latitudes, and there was an increase Empirical estimates of the average coefficient of dominance for segregating mutations (regression estimates using the average homozygous, x, and heterozygous, y, viabilities of chromosome II of Drosophila melanogaster) and other population parameters Parameters and definitions are as in Table 1 . a Mukai (1985) . b Kusakabe and Mukai (1984) . c Mukai and Yamaguchi (1974) . d Mukai and Nagano (1983) .
in the homozygous detrimental load, but this was proportionately lower than the increase in additive variance. An increase in dominance variance was less apparent as this shows a large standard error for the Orlando population. It is also clear from Table 7 that the regression estimate b y.x increased toward the south whereas the estimate 1/b x.y always showed large values. Another useful parameter to be compared among these populations is the variance among genotypic values for homozygous chromosomes, V H , because the ratio V A /V H is expected to be low under a mutation-selection balance model and large under balancing selection (Charlesworth and Hughes 1999; Kelly 1999) . In fact, as stated above, the value of ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi V A =2V H r ffi s y =s x is an estimator of the average h with a mutation-selection balance expectation analogous to that of ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffi b y:x 3 ð1=b x:y Þ r and h DL . Using the results from quasinormal chromosomes from Kusakabe and Mukai (1984) , Mukai and Yamaguchi (1974) , and Mukai and Nagano (1983) , the estimates of s y =s x were 0.34, 0.66, and 0.57 for the Aomori, Raleigh, and Orlando populations, respectively. Another estimate for the Aomori population (0.17) can be obtained from Takano et al. (1987) (see also Charlesworth and Hughes 1999) to give an average of 0.25 for this population. Mukai (1988) suggested that the variation in the northernmost populations could be explained by mutationselection balance alone, whereas the excess in additive variance observed in the southernmost populations could be due to genotype-environment interaction (see also Santos 1997) . This was suggested to be operating if the selection coefficients of mutations for viability take negative or positive values, depending on different environmental conditions, while the fitness of heterozygotes remains intermediate between the homozygotes but close to that of the fitter homozygote. In this situation, the maximum number of loci involved in diversifying selection would not be great (,200) . Mukai and Yamaguchi (1974) also suggested the possible existence of a small number of overdominant loci affecting viability in the Raleigh population, responsible for a homozygous detrimental load of 0.1.
It should be noted that the effective population sizes estimated for the three populations discussed above were quite different: 2600 for the Aomori population, 20,000 for the Raleigh population, and effectively infinite for the Orlando population (Kusakabe and Mukai 1984) . These estimates were obtained from the rate of allelism among lethal chromosomes and, therefore, they can be subject to large estimation errors. However, the results may indeed suggest different population sizes. If this is the case, it is possible that some of the patterns observed between populations for the north-south cline (Table 7) are due to this difference in population size. The larger the effective population size, the larger the expected proportion of semilethal chromosomes at the expense of quasinormal ones and the larger the homozygous load , agreeing with the clinal results in Table 7 . For example, the proportions of quasinormal chromosomes for the case without pleiotropic mutations (n ¼ 0) in Tables 1 and  4 , respectively. Therefore, it may be quite feasible that the differences in variation, detrimental loads, and chromosome viability distributions are due to some form of balancing selection operating at a few loci, rather than to differences in effective population size.
The results of this article suggest the possibility that the enhanced variances in the southernmost populations studied by Mukai and co-workers could be caused by some deleterious mutations affecting viability and having an advantageous pleiotropic effect on other (Kusakabe and Mukai 1984) , (B) Raleigh (Mukai and Yamaguchi 1974) , and (C) Orlando (Mukai and Nagano 1983). fitness components. The inclusion of a small number of such antagonistic pleiotropic mutations induces changes in the parameters studied, compatible with the main observations. Thus, in Tables 1-4 and Figure 2 it can be seen that pleiotropic mutations decrease the proportion of quasinormal chromosomes at the expense of semilethal ones, increase the homozygous detrimental load and the additive variance (the latter in a larger proportion than the former), and inflate the estimates of the regressions b y.x and 1/b x.y . All these results are observed in the north-to-south cline in natural populations (Table 7 and Figure 3) . Nevertheless, the increase in dominance variance is not so apparent in the empirical data (Table 7 ) (Mukai 1985 (Mukai , 1988 . Theoretical arguments suggest that antagonistic pleiotropy should produce a dominance variance about half as large as the additive variance (Curtsinger et al. 1994) . In agreement with this prediction, we obtain a dominance variance between onethird and one-half of the additive variance in the presence of antagonistic pleiotropic mutations (Tables 1-4 ). An extensive review including many wild and domestic species shows that life-history traits have levels of dominance variance that on average may be as high or even higher than those of additive variance (Crnokrak and Roff 1995) , giving some indirect support for the antagonistic pleiotropy model or other models of balancing selection where recessive mutations are maintained at high frequencies. Whether or not this is a general scenario for viability in Drosophila, our results indicate that a few segregating loci maintained at large frequencies may importantly inflate indirect estimates of the average degree of dominance of deleterious mutations for fitness components, producing large average h-values in agreement with common empirical observations.
That antagonistic pleiotropy selection is likely to be a force occurring in nature has been deduced by different analyses (see review by Charlesworth and Hughes 1999) , but quantifying the proportion of variation due to directional and balancing selection may be, however, a difficult task not yet resolved.
